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Abstract. This work is part of a joint project funded by the Science and Technology Development
Fund (STDF) of the Arab republic of Egypt and the Federal Ministry of Education and Research
(BMBF) of the Federal Republic of Germany. Continuation of the use of fossil fuels in electricity
production systems causes many problems such as: global warming, other environmental concerns, the
depletion of fossil fuels reserves and continuing rise in the price of fuels. One of the most promising
paths to solve the energy crisis is utilizing the renewable energy resources. In Egypt, high insolation and
more than 90 percent available desert lands are two main factors that encourage the full development of
solar power plants for thermal and electrical energy production. With an average temperature of about
40 °C for more than half of the year and average annual sunshine of about 3200 hours, which is close to
the theoretical maximum annual sunshine hours, Aswan is one of the hottest and sunniest cities in the
world. This climatic condition makes the city an ideal place for implementing solar energy harvesting
projects from solar updraft tower. Therefore, a Solar Chimney Power Plant (SCPP) is being installed
at Aswan City. The chimney height is 20.0m, its diameter is 1.0m and the collector is a four-sided
pyramid, which has a side length of 28.5m. A mathematical model is used to predict its performance.
The model shows that the plant can produce a maximum theoretical power of 2 kW. Moreover, a CFD
code is used to analyse the temperature and velocity distribution inside the collector, turbine and
chimney at different operating conditions. Static calculations, including dead weight and wind forces on
the solar updraft chimney and its solar collector, have been performed for the prototype. Mechanical
loading and ambient impact on highly used industrial structures such as chimneys and masts cause
lifetime-related deteriorations. Structural degradations occur not only from rare extreme loading events,
but often as a result of the ensemble of load effects during the life-time of the structure. A Structural
Health Monitoring (SHM), framework for continuous monitoring, is implemented on the solar tower.
For the ongoing case study, the types of impacts, the development of the strategic sensor positioning
concept, examples of the initially obtained results and further prospects are discussed. Additional wind
tunnel tests have been performed to investigate the flow situation underneath the solar collector and
inside the transition section. The flow situation in and around the SCPP has been simulated by a
combination of the wind tunnel flow and a second flow inside the solar tower. Different wind tunnel
velocities and volume flow rates have been measured respectively. Particle Image Velocimetry (PIV)
measurements give some indication of the flow situation on the in- and outside of the solar tower and
underneath the collector roof. Numerical simulations have been performed with the ANSYS Fluent to
validate the experimental tests.
Keywords: ANSYS fluent; Aswan; CFD; FDS; mathematical model; permanent vibration mea-
surement; PIV; solar chimney; solar radiation; structural health monitoring and identification; wind
tunnel.
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1. Introduction
In Egypt, fossil fuel resources mainly dominate the
electricity production and burning fuel has a harmful
effect on environment that reflects human life. In 1991,
the solar atlas for Egypt was issued, indicating that
the country enjoys about 2900–3200 hours of sunshine
annually, with an annual direct normal energy density
1970–3200 kWh/m2 and technical solar-thermal elec-
tricity generating a potential of 73.6 Petawatt hour
(PWh) [1]. Herein, the solar thermal power plants
have many advantages, the priorities of consistent
power output and the ability to incorporate a stor-
age. The operation of a Solar ChimneyPower Plant
(SCPP) is based on a simple principle: when air is
heated by the greenhouse effect under the transparent
roof, buoyancy force is a consequence of a density
variation, less dense hot air rises up a chimney, which
is installed at the centre of the collector (as shown in
Figure 1). At the base of the chimney, the air flows
through the turbine to produce mechanical energy
for driving a generator. In 1982, the first pilot plant
was built in Spain [2, 3], since then, many prototypes
of the SCPP have been built by experts in various
countries. Australian engineers intend to construct
the largest SCPP in the world with the generation
capacity reaching up to 200MW in New South Wales
of Australia. The chimney will be 1000m in height
and the collector will be 7 km in diameter, the system
would cover a ground area of 38 km2 [4]. Currently,
this project is postponed indefinitely. Experimental
and numerical calculation methods can be used to
study the performance of the SCPPs, but the large
scale system is hard to establish. However, with the
development of a computer technology and Compu-
tational Fluid Dynamics (CFD) software techniques,
both temperature and pressure distribution in the
large system can easily be predicted by a numerical
calculation method [5].
Many researchers aimed to optimize the geometry
of the major components of the SCPP. In [6], the
influence of a changing geometry to improve the flow
characteristics inside the SCPP has been studied using
the CFD software ANSYS-CFX. The overall chimney
height and the collector diameter of the SCPP were
kept constant. The collector inlet opening, outlet
diameter and the diameter of the chimney were the
variables. These modified collectors were tested with
chimneys of different divergence angles and different
chimney inlet openings. Based on the CFX compu-
tational results; the best configuration was achieved
using the chimney with a divergence angle of 2°. The
authors in [7] used FLUENT software to optimize the
SCPP by changing the collector inlet opening and
outlet diameter of the chimney, and concluded that
the available power was virtually unresponsive to the
variation of the collector inlet opening.
More analytical models to predict the performance
of solar chimney power plants have been proposed
since the early 1980s. In [2], a simple mathematical
Figure 1. Schematic diagram of the SCPP.
model that is used for the design of the pilot plant in
Manzanares is presented. The authors in [8] have de-
veloped comprehensive models to solve the governing
conservation and draught equations simultaneously,
and [9] presented similar techniques to predict the
SCPP performance. The results show that the height
of the chimney, the factor of pressure drop at the
turbine, the diameter and the optical properties of the
collector are important parameters for the design of
solar chimneys. The authors of paper [10] adapted the
standard gas turbine cycle to define a standard solar
chimney cycle. In the analysis, the adaption includes
the friction of the chimney, turbine system and exit
kinetic energy losses. A more detailed model is offered
in [11], which is capable of estimating the tempera-
ture and power output of solar chimneys as well as
examining the effects of various ambient conditions
and structural dimensions on the power output. This
mathematical model was verified against their own ex-
perimental results and the results of the Manzanares
pilot plant [12]. In paper [13], the performance charac-
teristics of large-scale commercial solar chimneys are
predicted, indicating that the plant size, the factor of
pressure drop at the turbine and solar heat flux were
important parameters for performance enhancement
that was studied. The collector radius and the chim-
ney height of 200m and 400m, respectively, were built
in this model study. Furthermore, the optimum ratio
between the turbine extraction pressure is shown and
the available driving pressure for the proposed plant is
approximately 0.84. A simple method to evaluate the
turbine power output for solar chimney systems was
also proposed in the study using dimensional analysis.
The objective of this study is to accurately analyse
the SCPP system by using the mathematical model
and the CFD model, fewer assumptions are used in
theoretical calculation, but more detailed descriptions
of the temperature and flow field could be obtained.
A 3D approach for a SCPP prototype is carried out
by using the ANSYS CFX v15, which was constructed
with the main dimensions as mentioned before. Fig-
ure 2 shows the plant that is still under construction.
The 3D numerical simulation, incorporating the ra-
diation models and turbine models, is used. Results
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Figure 2. Prototype in Aswan (under construction).
from the mathematical model were compared with
the Manzanares experimental results for a model vali-
dation and the model was further used to predict the
performance characteristics of solar chimneys with
its dimensions. Based on the proposed numerical ap-
proach, the effects of solar radiation, the pressure
extracted at the turbine, and mass flow rate on the
SCPP system performance were investigated in detail.
2. Mathematical model
According to the operation principle mentioned above,
the air inside the collector is heated by solar radiation
(greenhouse effect). The analysis used in this paper is
based on the following simplifying assumptions:
• the uniform heating of the collector surface in terms
of the sun’s altitude angle is neglected;
• the frictional effect is ignored, since the velocity in
this region is quite low;
• the flow in the collector is considered as a flow
between two parallel plates;
• the heat losses through the wall of the chimney are
neglected;
• the flowing humid air is considered as an ideal gas.
3. Mathematical model
of solar collector
A solar collector is a special kind of a heat exchanger
that transforms solar radiant energy into heat. The
flux of incident radiation is a variable that can reach up
to approximately 1100W/m2 without optical concen-
tration. The wavelength range is from 0.3 to 3.0 µm,
which is considerably shorter than that of the emitted
radiation from most energy-absorbing surfaces [14].
Thus, the analysis of solar collectors presents unique
problems of low and variable energy fluxes and the rel-
atively large importance of the radiation. In a steady
state, the performance of a solar collector is described
by an energy balance that indicates the distribution
of incident solar energy into useful energy gain, ther-
mal losses, and optical losses. The solar radiation
absorbed by a collector per unit area of absorber I
Figure 3. Thermal network for a collector in terms
of convection, and radiation resistances.
is equal to the difference between the incident solar
radiation and the optical losses:
qadd = I(αg)− Ut∆T = m˙
Ac
CP∆T, (1)
where αg is the absorptivity of the glass cover, Ut is
Collector loss coefficient (W/m2K), ∆T is the tem-
perature difference between the air inside and outside
of a solar collector, m˙ is mass flow rate through the
SCPP, and Ac is the area of the collector.
The energy loss through the top of the transparent
cover is considered as the result of convection and
radiation between parallel plates. The steady-state
energy transfer between the plate at T1 (ambient con-
dition) and the cover at Tc is the same as between the
cover and ground surface. The overall loss coefficient
for a solar collector is for simplifying the mathematics
of nonlinear equations. Consider the thermal network
of a collector system shown in Figure 3. The resis-
tance from the top cover to the surroundings has the
convection heat transfer coefficient hw, which can be
written as [14]
hw = 5.7 + 3.8V∞, (2)
where V∞ is the velocity of the surrounding air.
The radiation coefficient for the cover to the air
hr,c−a is given as
hr,c−a = σεg(T 2c + T 2s )(Tc + Ts), (3)
where σ is Stefan-Boltzmann constant (5.6697 ·
10−8W/m2K4), εg is the emittance between the sky
and the ground and refers to the heat received by the
ground, and Ts is calculated from the approximate
model in reference [9]. The convection coefficient be-
tween the ground and the cover hc,g−c can be found
using
hc,g−c =
Nu k
L
, (4)
where Nu is Nusselt number.
The radiation heat transfer coefficients between two
parallel plates is given as
hr,g−c = σ
(T 2g − T 2c )(Tg − Tc)
ε−1g + ε−1c − 1
. (5)
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Figure 4. Schematic layout of the SCPP.
The top loss coefficient from the collector plate to the
ambient is given from the thermal network
Ut =
( 1
hw + hr,c−a
+ 1
hc,g−c + hr,g−c
)−1
. (6)
The procedure for solving the top loss coefficient
using (1)–(6) is necessarily an iterative process. First,
a guess is made from the unknown cover temperatures,
from which the convective and radiative heat transfer
coefficients between parallel surfaces are calculated.
With these estimates, (6) can be solved for the top loss
coefficient. The top heat loss is the top loss coefficient
times the overall temperature difference, and since
the energy exchange between plates must be equal
to the overall heat loss. Figure 4 shows the points
that should be calculated to obtain the performance
of the SCPP. Point 1 is an ambient condition of the
surrounding air.
To calculate the condition at the point 2, the equa-
tions for continuity, momentum and energy of the flow
under the roof were applied by [13], which is written
as:
p2 = p1 +
m˙qadd
2pih2r%1CpT1
ln rr
rc
− m˙
2
2%1
( 1
A22
− 1
A21
)
. (7)
By rearranging (1), the temperature at Point 2 can
be obtained:
T2 = T1 +
αgI
m˙Cp
Ar
+ Ut
. (8)
4. Mathematical model
of solar chimney
The chimney or tower tube converts the heat absorbed
by the solar collector into kinetic energy. The chimney
utilizes the temperature difference between the cold
air at the top and the heated air at the bottom. The
pressure and temperature variation of the air inside
the chimney is calculated considering an adiabatic
expansion process, and written as:
T4 = T3 − g
Cp
, (9)
p4 = p1
(
1− g
CpT1
hc
)Cp
R
. (10)
Point 4 is already obtained by using the outlet condi-
tion of the chimney (pressure p4 and temperature T4),
then, a backward calculation is returned to obtain
Point 3. Therefore, by rearranging the momentum
and continuity equations for the flow through a con-
stant area vertical tower of height hc, the maximum
pressure difference throughout the solar chimney can
be written as [15]:
∆pmax =
%1ghc∆T
T1 + ∆T
(11)
and
p3 = p4 +
1
2(%3 + %4)ghc +
(m˙2
Ac
)( 1
%4
− 1
%3
)
. (12)
By applying Bernoulli’s equation for simplicity in
Eqn. 12, the important formula for the maximum air
velocity at the chimney’s entrance is simplified to:
umax =
√
2ghc∆T
T1 + ∆T
. (13)
If the work extraction process at the turbine is as-
sumed to be an isentropic process, then
T3 = T2
(p3
p4
)k−1
k
. (14)
5. Mathematical model of turbine
The turbine of the solar chimney is an important part
of the SCPP system, which extracts the energy from
the hot air and transmits it to the generator. The
typical solar chimney turbine is of the axial flow type.
It has characteristics between those of wind turbines
and gas turbines [16]. It has significant influence on
the system as the turbine pressure drop and plant
mass flow rate are coupled. Thus, the pressure drop
across the turbine can be expressed as a function of
the total pressure difference, by neglecting friction
losses, it can be written as:
∆ptur = ∆ptot −∆pdyn. (15)
where ∆ptot is the available driving pressure that
is calculated by 12%u2max and ∆pdyn is the dynamic
pressure that is calculated by 12%u2with tur. Let us
denote the ratio ∆ptur/∆ptot as x, so that we get
uwith tur = umax
√
1− x.
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Figure 5. 3D SCPP geometry using Rhinoceros.
Rotational speed 300 rpm
Mass flow rate (same) 4 kg/s
Inlet total pressure 101336Pa
Inlet total temperature 330.5K
Total head rise 85Pa
Table 1. Design conditions for Vista AFD.
The theoretical power extracted by the turbine can
be determined from the energy equation and Gibbs
relation from classical thermodynamics:
P = m˙
∫
udp = m˙
%tur
∆ptur =
m˙(p2 − p3)
(%2 − %3)/2 . (16)
Using x, the theoretical power can be written as:
P = Acumax∆ptotx
√
1− x. (17)
The optimal x for the maximum power extraction can
be obtained by assuming that umax and ∆ptot are not
functions of x and solving ∂P∂x = 0. The result for the
optimal pressure ratio is 2/3.
According to the mathematical model described
above, when the mass flow rate is assumed, then the
power output can be obtained.
6. Computational work of a SCPP
The SCPP has many physical principles. The heating
collector works as an air heater powered by solar
energy, where all terms of heat transfer are applied
to predict its performance. The heat transfer in the
chimney tower is neglected, but buoyancy force is
taken into account. The CFD involves the numerical
solution of the differential governing equations of fluid
flows and heat transfer. The ANSYS CFX v15 is used
in the present study. The Reynolds’s Averaged Navier-
Stokes (RANS) equations for the compressible fluid
flow are included in the equations of the conservation
of mass and momentum. To solve the RANS, k–ω
a turbulent model is chosen. Two radiation models
are used, radiation heat transfer between the surfaces
Figure 6. Turbogrid flow passage.
is carried out by the Monte Carlo model, and P1
radiation model is used in the fluid zone.
The SCPP unit consists of ground, cover collector,
chimney and fluid zone. All component geometry is
drawn in 3D using Rhinoceros 5.0, as shown in Fig-
ure 5. Grid generation is carried out using turbo grid.
Vista AFD in ANSYS Workbench v15 is used to de-
sign the turbine. The MTFM (Matrix Through Flow
Method) is applied to design the axial fan. However,
the design of the turbine is carried out by entering
the inlet flow condition as the output of the fan, and
the outlet flow condition is an inlet of the fan. This
condition is correct under the free vortex design for
0.5 degree of reaction. This condition allows reversing
the turbomachine with consistent efficiency. The input
aerodynamic parameter to Vista AFD is calculated
from the free model of the SCPP. The parameters of
the SCPP used to design the turbine are shown in
Table 1.
For the turbine grid generation, the Turbogrid pro-
gram is used. One passage of flow is generated and the
flow regions hub, shroud, inlet and outlet are defined.
Figure 6 shows the turbo grid passage that uses the
H/J/C/L-grid to make the flow region and the O-grid
closer to the blade surface.
7. Results of numerical analysis
To validate the mathematical model, the calculated
results are compared with the experimental results of
the prototype of the Manzanares. The measured data
on September 2nd, 1982 are adopted from the refer-
ence [17]. The comparisons between the mathematical
predictions results and the experimental values are
presented in Table 2. There is a good agreement be-
tween the measurement and calculation results. The
deviation of the collector loss coefficient, collector exit
temperature, and output power are 4.95%, 5.943%
and 0.816% respectively, which are acceptable values.
Based on the plant dimensions and the mathemati-
cal model, Figure 7 shows the calculated power output
as a function of the mass flow rate and solar radiation.
As it can be seen from the figure, the increase of so-
lar radiation increases the ability of mass rate, thus
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Measured Calculated
Collector loss coefficient Ut (W/m2 K) 15 15.7426
Temperature at collector exit T2 (°C) 38 40.2583
Power P (kW) 48.4 48.795
Table 2. Comparison between measured data and mathematical model results.
Figure 7. Influence of mass flow rate, and solar
radiation on power output.
Figure 8. Influence of mass flow rate, and solar
radiation on increasing temperature in collector.
CFD 1D
Output power P (kW) 1670 1680
Upwind velocity u (m/s) 4.55236 4.566
Table 3. Comparison between CFD results and math-
ematical model results.
increase the output power. However, the maximum
mass flow is 2.5 kg/s to 4 kg/s, which achieves the
maximum output power of 2 kW at solar radiation of
1250W/m2.
The collector efficiency is measured by the temper-
Figure 9. Contours of static pressure.
ature rise through it, and the temperature difference
is a significant parameter of the SCPP performance.
Figure 8 shows the influence of mass flow rate and
solar radiation on increasing temperature in the collec-
tor. The solar radiation has a significant effect on the
temperature difference in the collector. This difference
reaches about 32 °C at a solar radiation of 1250W/m2.
Details of the flow through the SCPP are obtained
using the ANSYS CFX v15. Moreover, comparison
between the CFX results and the mathematical model
is done to ensure the accuracy of the CFD model. The
calculation of the CFD and 1D models are used for
solar radiation that has an average value on Saturday,
June 6, 2015 (I = 1050W/m2) and Mass flow rate
(m˙ = 4 kg/s) keeping other parameters constant. Ta-
ble 3 shows the comparison between the CFD results
and mathematical model results.
Figure 9 illustrates the contours of the pressure
distribution at different zones of the chimney in a ver-
tical cross section. The pressure around the turbine
has a significant influence on the SCPP performance.
Figure 10 shows that the pressure decreases through
the turbine due to energy conversion. The heating air
inside the collector is revealed by contours of static
temperature as shown in Figure 11. Near the collec-
tor cover, it indicates that the ground temperature
increases along the radial direction of the collector.
This figure also demonstrates that ground tempera-
ture is higher than air flow temperature. Near the
collector outlet, the temperature at the surface of the
ground shows a slight drop in mid flow and then a
sudden increase. According to [18], this is attributed
to the high heat transfer coefficients present near the
collector centre resulting from the higher collector air
velocities in this area.
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Figure 10. Pressure distribution inside the chimney.
Figure 11. Contours of static temperature.
Figure 12. Numerical Model of SCPP: (top left) tower with supporting structure; (top right) supporting structure;
(bottom left) solar tower and collector roof; (bottom right) collector roof without glass panels.
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8. Design of solar chimney
at Aswan, Egypt
Figure 12 depicts the FE-Model of the SCPP at Aswan,
Egypt. The tower and supporting structure is made
from S 235 steel with welded joints. The collector roof
is made from standard glass panels with quadratic
shape (L = 1480mm). Due to reasons of simplicity,
the collector roof is shaped as a four sided pyramid,
which allows the use of plain glass panels instead of
bent ones. Publications with a similar concept can be
found at [19, 20].
9. Static calculations of solar
tower and collector roof
Some results of the dynamic analysis of the designed
solar tower will be discussed here. With a height to
diameter ratio (H/d) of 20, the tower behaves more
like a chimney than a shell structure. This can also
be seen at the eigenfrequency and eigenmode, which
are shown in Figure 13. The non-scaled SCPP with
heights up to 750 to 1000m will have a H/d ratio close
to 10, which results in a more shell-like structure, cf.
cooling towers. A few publications in this field of
research will be mentioned here [21–24]. The whole
analysis of the tower and collector can be found at
the report for 2015 [25].
10. Structural health monitoring
(SHM) concept
The growing interest in the practical implementation
of various Structural Health Monitoring (SHM) strate-
gies on full scale structures lies in the potential of these
methodologies to detect significant deteriorations of a
structure in their initial stages [26]. As a result, this
allows a timely action to be taken, minimizing the
maintenance costs and shut-down time of the system.
As one of the most common SHM strategies, vibra-
tion based structural health monitoring is capable of
delivering valuable information on structural changes.
But in order to build a reasonable and effective mon-
itoring system that is capable of capturing all the
necessary phenomena, it is important to consider,
during the monitoring system design, the decisions
concerning the type, number and strategic positioning
of sensors, adequate sampling frequencies and quan-
tity of recorded signals as well as proper data storage
tools and equipment.
11. SHM framework
for continuous monitoring
In the current case study for a solar chimney plant, a
three-step SHM strategy for the detection of structural
changes was developed. Within this paper, the prelim-
inary Operational Modal Analysis (OMA) estimates
for the test case as well as the first steps towards a
long-term monitoring campaign of a solar chimney
plant are presented.
Figure 13. Eigenmode with Eigenfrequency: (left)
beam mode, f1 = 1.80Hz; (right) shell mode, f3 =
21.84Hz.
The proposed continuous SHM concept is based on
the well-proven system response (output only) mon-
itoring that can provide the necessary information
for early recognition of changes in the structural be-
haviour due to damage or significant deterioration.
This approach, also known as the OMA, has been suc-
cessfully implemented for a system identification of
large scale civil structures, where the classical experi-
mental modal analysis is not possible to implement,
as it is not possible to measure the input forces [27].
But with the OMA, it is possible to perform a system
identification only from the measured responses. An
overall SHM procedure consists of: a development and
implementation of a monitoring system, safe storage
and handling of the data and finally data processing
and post processing.
The three step proposed SHM concept detects the
structural changes in three stages, as summarized in
Figure 14. The first stage is from a direct observation
of the real time history statistical data, in most cases
10 minute mean, maximum, minimum and standard
deviation. In this step, it is very important to initially
determine the threshold limits of all sensors for differ-
ent environmental and operational conditions during
the first year continuous monitoring of the structure.
This method works well as the structure is, in most
cases, considered to stay undamaged during its first
year of service.
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stress time histories, for estimating the remaining service life time of the structure, as well as for 
possible extension of the structure’s service life time beyond its design life with minimum risk. 
The third stage is model based damage location and quantification, in this step a FE model of the as 
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Figure 14: SHM strategy for continuous monitoring of operating slender structures (Airwerk 
GmbH) 
Statistical indicators: 
 
 Real time statistical data 
(vibration and environmental) 
 Threshold limits 
 In case of exceedance, 
automatic alarm notification 
 
Stage I 
Real time data  
evaluation 
Performance indicators: 
 
 Modal parameters  
 Damage indices 
 Fatigue analysis 
 
              
 
Stage II  
Response data  
analysis 
FEM updating for 
 
 Damage localization and 
quantification 
 Threshold limits initiating 
and updating after a damage, 
degradation or maintenance 
 
Stage III 
Model based  
analysis 
Figure 14. SHM strategy for continuous monitoring of operating slender structures (Airwerk GmbH).
 
 
12 Proposed Sensor Positions 
Using the previ usly described three-stage concept (Fig. 14), an array of sensors was initially 
proposed, which was later revised due to financial constraints to fully implement it. Considering that 
this s a research project, the initially proposed concept w s made, so s to allow for system 
redundancy due to the very high temperatures the sensors will be exposed to and to enhance the 
reliability of t e data by cross checking the response of more than one sensor when a significant 
structural change occurs. 
As shown in th  latest revised sensor positions Fig. 15, the sensors used can be generally classified as 
structural and environmental sensors. Three 3D accelerometers are used; one at the top, one at the 
middle of the tower, and the third one on the top of the concrete foundation to measure ground motion 
from seismic activity. One 2D inclinometer is used t the top of the tower t  me sure inclinations. At 
the bottom of the tower structure, just above the stiffeners, three rosette type strain gauges are to be 
installed at an angle of 120° to each other, so that it is possible to compute the principal stresses, 
orientation of principal stresses, shear stress, and also to record the strain time history for fatigue 
analysis. 
13 Implementation and Expected Results 
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The second stage is by processing of the monitoring
data to determine the global structural modal param-
eters (natural frequencies, mode shapes and modal
damping) and the fatigue analysis from the stress
time history data. Also, in this step, the reference
modal parameters of the healthy structure need to be
determined during the early monitoring stage, so that
they will serve as references for the remaining lifetime
of the structure. Based on measured stress time his-
tories, a fatigue analysis (by rain flow counting) is
performed, for estimating the remaining service life-
time of the structure as well as for possible extension
of the structure’s service life time beyond its design
life with minimum risk.
The third stage is a model based damage location
and quantification. In this step, an FE model of the
built structure will be prepared and calibrated from
the initially obtained healthy state parameters. In
this calibrated FE model, possible expected damage
scenarios can be simulated so as to observe the vari-
ation in the parameters being computed in the first
and second stages. Then, the threshold limits can
be established to be later used for the damage loca-
tion and quantification by adding up the information
obtained in all three steps. This FE model will be con-
tinuously updated with the varying parameters due
to structural damage, degradation or maintenances.
12. Proposed sensor positions
Using the previously described three-stage concept
(Figure 14), an array of sensors was initially proposed,
which was later revised due to financial constraints to
fully implement it. Considering that this is a research
project, the initially proposed concept was made so as
to allow for system redundancy. Due to the very high
temperatures the sensors will be exposed to, a cross
checking the response of more than one sensor when
a significant structural change occurs will be made to
enhance the reliability of the data.
As shown in the latest revised sensor positions in
Figure 15, the used sensors can generally be classified
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as structural and environmental sensors. Three 3D
accelerometers are used; one at the top, one at the
middle of the tower, and the third one on the top
of the concrete foundation to measure the ground
motion from seismic activity. One 2D inclinometer is
used at the top of the tower to measure inclinations.
At the bottom of the tower structure, just above the
stiffeners, three rosette type strain gauges are to be
installed at an angle of 120° to each other, so that it is
possible to compute the principal stresses, orientation
of principal stresses, shear stress, and also to record
the strain time history for fatigue analysis.
13. Implementation
and expected results
After all the sensors are installed in position, all their
channels are to be connected with the I/O modules
inside the steel cabinet mounted on the outside surface
of the tower (Figure 15). All sensors are to be provided
with adequate supports to protect them against physi-
cal and environmental damages. Cable routing is also
to be done in consideration of the protection of the
cables from damages that may result from exposure
to extreme heat and physical forces.
All the I/O modules are in turn connected to the
controller (data logger) housed in the cabinet. Then,
finally, all the data are to be transferred to the com-
puter inside the faculty of Energy Engineering, Aswan
University (Figure 16).
This computer will serve as a server, where the mon-
itoring data are stored. A web interface is also to be
developed, which enables real time data visualization,
along with the possibility to select particular channels
to visualize. Also, with the possibility to download a
selected data range. LAN ports will be required on
the server location (the university) for remote access,
manipulating and maintaining the data acquisition
system.
The results expected from this monitoring system
are the real time data visualization, including correla-
tion of the responses from sensors among themselves
and with environmental conditions. Also, once the
threshold limits are defined, an automatic alarm noti-
fication can be implemented, which sends automatic
notification via email or SMS. The data obtained from
Parameter Value (m)
Tower Height 1
Diameter 0.15
Thickness 0.003
Collector Perspex Sheet B× L 1.40× 1.90
Thickness 0.005
Table 4. Parameter of Wind Tunnel Setup.
the accelerometers will be used to extract the modal
parameters by using operational modal analysis tech-
nique, which makes use of only the output data. The
strain time history data recorded by the strain gauges
will be used to compute the principal stresses, bending
moments and for performing fatigue analysis using
the rain flow counting method [28].
This Solar Chimney Project in Aswan, although it
is a small scale research project, can serve as an ideal
experimental field for future commercial implementa-
tion of the already designed large solar updraft towers,
some of them reaching up to a height of about 1000m
and higher [29].
14. Wind tunnel model
Wind tunnel tests shall give some information about
the flow structure inside the transition section. The
flow will be redirected from a nearly horizontal flow
underneath the solar collector into a vertical flow in-
side the solar chimney. Therefore, an experimental
model has been built at the wind tunnel in Stellen-
bosch, South Africa. Details about the used wind
tunnel can be seen in [30]. The model shows, in a
simplified manner, a solar chimney with a rectangular
collector roof, Figure 17. The influence of turbines has
not been taken into account, instead, eight openings
inside the tower wall represent the flow inlets through
the turbines. Local influence onto the flow situation
due to the turbines will be neglected. Main model
dimensions are shown in Table 4.
The wind tunnel test section is equipped with two
walls made of Perspex, which enables the use of a PIV
system positioned on the outside of the wind tunnel.
The top end of the cylinder was connected to a venturi
flow meter and a fan to get defined mass flow rates
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a) Windward Side b) Isometric View from Windward Side 
  
c) Fan and Venturi Flow Meter d) PIV Equipment 
  
e) Test Section and Model I f) Modell II 
Figure 17: Experimental Setup 
  
Bottom 
Section 
Flow 
Direction 
Pressure 
Points 
Outlet 
Perspex Covers 
Wind Tunnel 
Wall 
Figure 17. Experimental Setup.
through the tower, Figure 17c. Local temperature
and static pressure has been taken from measuring
points inside the wind tunnel facility, respectively.
Additional pressure measurements shall give some in-
formation about the pressure situation underneath
the solar collector and inside the solar tower close to
the flow inlets. All in all, up to 40 pressure points,
inserted flush to the bottom section, give some good
distribution and spatial resolution. Figure 17d shows
the installation of the PIV system for measuring a
horizontal layer just in the middle, between the solar
collector and the bottom section. The cameras can
be seen on top of the wind tunnel facing downwards.
Using two cameras enabled us to measure overlapping
flow areas, which has been advantageous for the eval-
uation of the measured data. Figure 17ef depict the
wind tunnel model I and II. The difference is in the
position of the Perspex sheet representing the solar
roof. In variant I, the 5mm Perspex sheet has been
installed in a distance of 40mm from the bottom sec-
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15 Installation of Particle Image Velocimetry (PIV) Equipment 
For a better understanding of the flow situation underneath the solar collector and on the inside of the 
solar tower PIV measurements have been performed including two horizontal and two vertical plains. 
A DualPower Laser and two FlowSense 4M cameras from DantecDynamics® have been used. The 
evaluation of measuring data has been carried out with DynamicStudio v3.41. Fig. 18 depicts the 
general setup for variant I. 
  
a) Configuration I (vertical laser plain) b) Configuration II (horizontal laser plain) 
Figure 18: Configuration of PIV Measurements (Variant I) 
16 Results of PIV Measurements 
Some results from the performed PIV measurements are shown here, Fig. 19. For a spatial resolution 
two horizontal and two vertical plains have been investigated. Only the mid-plain between solar 
collector and bottom section and the solar tower are depicted here. Three free stream velocities v and 
three mass flow rates ṁ inside the solar tower give some inside into the flow situation. Results show 
velocity vectors of filtered mean values. For the horizontal plain the flow direction is from right to left 
and turned around for the vertical plain. 
All four results show the influence of v and ṁ on the flow distribution mainly inside the transition 
section. The vectors in the horizontal plain with varying free stream velocity show a clear image of the 
streams through the openings at smaller free stream velocity, Fig. 19 a) + b). This means that the 
influence of the flow through the tower is smaller with higher free stream velocity. On Fig. 19 a) you 
can see seven, on Fig. 19 b) only three major streams which confirms the aforementioned conclusion. 
The same observation can be made from the vertical velocity vector plots in Fig. 19 c) + d). This time 
the mass flow inside the tower has been changed instead. It can be seen that the stream is shifted 
towards the leeside with smaller mass flow ṁ through the solar tower. Both results show the 
significant asymmetry of the flow inside the transition section which could also be evoked through 
maintenance of one of the turbines. The aspect of symmetry has been taken as a simplification for all 
known publications to the current state. For this reason, the spatial resolution of the flow situation 
should be investigated in 3D model tests of SCPP to understand the flow situation inside a solar 
chimney correctly and get reliable results for the efficiency. 
Laser 
Laser Camera 
Camera 
Flow 
Direction 
Figure 18. Configuration of PIV Measurements (Variant I): (left) Configuration I — vertical laser plain; (right)
Configuration II (horizontal laser plain).  
 
  
a) ṁ = 0.030 kg/m3, v = 10 m/s b) ṁ = 0.030 kg/m3, v = 20 m/s 
  
c) ṁ = 0.015 kg/m3, v = 10 m/s d) ṁ = 0.045 kg/m3, v = 10 m/s 
 
Figure 19: Mean Velocity Vectors in m/s for horizontal and vertical plain 
17 CFD Analysis for Validation and Verification of Wind Tunnel Tests 
For numerical tests a CFD model has been built with the commercial software ANSYS Fluent and the 
Fire Dynamics Simulator (FDS) software from NIST. The aim has been to find alternatives to 
commercial software and to avoid huge computational performance due to grid sensitivity studies. The 
wind tunnel model with its dimensions has been taken as reference. The validation and verification of 
a one-to-one model of the power plant at Aswan will be done in a second step. 
  
Figure 19. Mean Velocity Vectors in m/s for horizontal and vertical plain.
tion with sizes mentioned in Table 4. Based on the
first results ga ned fro the variant I, the Perspex
sheet has been oved to a middle position inside the
wind tunnel (z = 380mm, above bottom section) and
now consists of a top and bottom sheet. The dimen-
sions (length and width direction) have been changed
respectively.
15. Installation of particle image
velocim try (PIV) quipment
For a better understanding of the flow situation un-
derneath the solar collector and on the inside of the
solar tower, the PIV measurements have been per-
formed, including two horizontal and two vertical
178
vol. 57 no. 3/2017 Design and Construction of a Prototype Solar Updraft Chimney in Aswan/Egypt
 
 
18 CFD Models 
The CFD models with experimental dimensions are shown in Fig. 20 a) + b). 
  
a) ANSYS Fluent (generic) b) Fire Dynamics Simulator (FDS) 
Figure 20: CFD Model of Experimental Setup from Stellenbosch 
While the discretized mesh in ANSYS Fluent consists of tetrahedral and hexahedral elements the 
model in FDS can only be modelled with quadrilateral elements. This allows a fast grid construction 
because the user has only to insert the amount of elements in each direction. The depicted model 
consists of elements with side lengths of 5 mm in all three directions. A finer grid resolution has been 
built but could not been solved due to the lack of computer performance. This advantage for many 
fluid mechanic problems has its shortcomings when it comes to round and circular structures. For this 
reason it is only possible to generate round structures as a polygon, which should not be a problem 
when local influence on flow patterns can be neglected. For global solutions this should not have a 
major influence on results. This statement will be checked within further studies. First results show 
good agreement with conventional CFD codes. 
19 Conclusions and Further Studies 
 The main objective is to evaluate the solar chimney performance theoretically. A mathematical 
model (1D) and CFD model are used to estimate the temperature rise in the collector and pressure 
distribution of a solar chimney as well as to estimate the effect of various parameters on the power 
output. In addition, the mathematical model was validated with the experimental data from the 
prototype of Manzanares. The present study shows that the capability of the CFD and mathematical 
model, as a powerful research tool for the analysis of complex thermofluid flow in the SCPP [31]. 
 In order to build a reasonable but at the same time effective monitoring system that will capture all 
necessary phenomena, the optimization of types, number and strategic positioning of sensors, the 
required sampling frequency and quantity of recorded signals, as well as proper data storage tools 
and equipment need to be considered. In this paper, planning strategies, as well as preliminary data 
based estimates of the structural dynamics are discussed. The presented ongoing case study is 
targeted at vibration based structural health monitoring strategies capable of delivering valuable 
information on structural changes by exploiting features extracted only from the measured 
vibration structural response. The focus of further research is at development of automated damage 
detection frameworks that will be able to alarm as soon as any structural damages occur. In turn 
this allows taking timely action, minimizing the maintenance cost and down time of monitored 
systems. 
 The results of experimental and numerical simulations show that free stream velocity and spatial 
resolution have major effects on the flow situation inside the SCPP. Therefore measurements on 
the SCPP at Aswan will be performed to investigate the effect on the flow field on the in- and 
outside and gain some new information about its global impact on performance and efficiency. In a 
second step new wind tunnel tests will be performed to verify if there is an optimal installation 
Figure 20. CFD Model of Experimental Setup from Stellenbosch: (left) ANSYS Fluent (generic); (right) Fire
Dynamics Simulator (FDS).
plains. A DualPower Laser and two FlowSense 4M
cameras from DantecDynamics® have been used. The
evaluation of the measured data has been carried out
with DynamicStudio v3.41. Figure 18 depicts the
general setup for the variant I.
16. Results of PIV measurements
Some results from the performed PIV measurements
are shown in Figure 19. For a spatial resolution, two
horizontal and two vertical plains have been investi-
gated. Only the mid-plain between the solar collector
and the bottom section and the solar tower are de-
picted here. Three free stream velocities v and three
mass flow rates m˙ inside the solar tower give some
insight into the flow situation. Results show veloc-
ity vectors of filtered mean values. For the horizontal
plain, the flow direction is from right to left and turned
around for the vertical plain.
All four results show the influence of v and m˙ on the
flow distribution, mainly inside the transition section.
The vectors in the horizontal plain with varying free
stream velocities show a clear image of the streams
through the openings at a smaller free stream velocity,
Figure 19ab. This means that the influence of the
flow through the tower is smaller with a higher free
stream velocity. In Figure 19a, you can see seven
and, in Figure 19b, only three major streams, which
confirms the aforemen i ed conclusion. The s me
observation can be made from the vertical velocity
vector plots in Figure 19cd. This time, the mass
flow inside the tower has been changed instead. It
can be seen that the stream is shifted towards the
lee side with smaller mass flow m˙ through the solar
tower. Both results show the significant asymmetry
of the flow inside the transition section, which could
also be evoked through maintenance of one of the
turbines. The aspect of symmetry has been taken
as a simplification for all known publications to the
current state. For this reason, the spatial resolution
of the flow situation should be investigated in 3D
model tests of the SCPP, to correctly understand the
flow situation inside a solar chimney and get reliable
results for the efficiency.
17. CFD a alysis for validation
and verification
of wind tunnel tests
For numerical tests, a CFD model has been built with
the commercial software ANSYS Fluent and the Fire
Dynamics Simulator (FDS) software from NIST. The
aim has been to find alternatives to the commercial
software and to avoid huge computational performance
due to grid sensitivity studies. The wind tunnel model,
with its dimensions, has been taken as the reference.
The validation and verification of a one-to-one model
of the power plant at Aswan will be done in a second
step.
18. CFD models
The CFD models with experimental dimensions are
shown in Figure 20.
While the discretized mesh in the ANSYS Fluent
consists of tetrahedral and hexahedral elements, the
model in the FDS can only be modelled with quadri-
lateral elements. This allows a fast grid construction,
beca e the user has to insert only the exact amount
of elemen s in each direction. The depicted model
consists of elements with side lengths of 5 m in all
three directions. A finer grid resolution has been built,
but could not been solved due to the lack of computer
performance. This advantage for many fluid mechanic
problems has its shortcomings when it comes to round
and circular structures. For this reason, it is only
possible to generate round structures as a polygon,
which should not be a problem when a local influence
on the flow patterns can be neglected. For global
solutions, this should not have a major influence on
the results. This statement will be checked within
further studies. First results show a good agreement
with the conventional CFD codes.
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19. Conclusions
and further studies
(1.) The main objective is to evaluate the solar chim-
ney performance theoretically. A mathematical
model (1D) and the CFD model are used to es-
timate the temperature rise in the collector and
pressure distribution of a solar chimney as well
as to estimate the effect of various parameters on
the power output. In addition, the mathematical
model was validated with the experimental data
from the prototype in Manzanares. The presented
study shows that the capabilities of the CFD and
mathematical model - powerful research tools for
the analysis of a complex thermofluid flow in the
SCPP [31].
(2.) In order to build a reasonable, but at the same
time effective monitoring system that will capture
all necessary phenomena, the optimization of types,
number and strategic positioning of sensors, the re-
quired sampling frequency and quantity of recorded
signals as well as proper data storage tools and
equipment need to be considered. In this paper,
planning strategies as well as preliminary data based
estimates of the structural dynamics are discussed.
The presented ongoing case study is targeted at
vibration based structural health monitoring strate-
gies capable of delivering valuable information on
structural changes by utilizing features extracted
only from the measured vibration structural re-
sponse. The focus of a further research is a develop-
ment of automated damage detection frameworks
that will be able to alarm as soon as any structural
damages occur. In turn, this allows taking timely
action, minimizing the maintenance costs and down
time of monitored systems.
(3.) The results of experimental and numerical simu-
lations show that free stream velocity and spatial
resolution have major effects on the flow situation
inside the SCPP. Therefore, measurements on the
SCPP at Aswan will be performed to investigate the
effect on the flow field on the in- and outside and
gain some new information about its global impact
on the performance and efficiency. In a second step,
new wind tunnel tests will be performed to verify, if
there is an optimal installation inside the transition
section to divert the flow from a horizontal to a ver-
tical direction without much additional turbulence
and loss of energy. The aim will be to increase the
efficiency, so the principle can be applied to large
scale power plants in near future.
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